Mechanical stiffness and density of Ill-V (GaAs) nanowire (NW) are studied by atomistic simulation in the <111>, <11 O> and <100> directions. Series of molecular models are established and mechanical characteristics of the crystal orientations are considered. The simulation results indicate that the NW exhibits highest structural stiffness in the <111> direction. We also found that GaAs NW exhibits mechanical linearity under 2GPa stress. Moreover, a qualitative comparison of simulation and other calculated results is carried out, and a good agreement is established.
Introduction
Nanowires have many interesting properties that are not seen in bulk materials. This is because electrons in nanowires are quantum confined laterally and thus occupy energy levels that are different from the traditional continuum of energy levels or bands found in bulk materials. The mechanic response of nano materials are also found to be different from that of bulk materials [1] . There are different types of nanowires, including metallic (e.g., Ni, Au), semiconducting (e.g., InP, Si), and insulating types(e.g., SiO2, TiO2). Ill-V nanowires are semiconductor nanowires formed from a compound of group III and V elements. They have outstanding electronic and optical properties [2] [3] and are considered ideal materials for photonic and electronic nanodevices, such as resonant tunneling diodes, single electron transistors, photoemitters, and photodetectors [4] .
In order to guarantee a long-term reliability of the device, the mechanical response of the Ill-V nanowire should be well understood. However, many mechanical properties of Ill-V NWs have not been thoroughly elucidated. Important issues in current research include understanding the influence of growth technologies and device processing on the final properties of the nanowire. Experimental techniques such as scanning tunneling microscopy (STM), atomic force microscopy (AFM), transmission electron microscopy (TEM) and nanoindentation have so far been employed in the mechanical characterization of Ill-V NWs [5] [6] [7] . However, in the absence of experimental data, atomistic simulation is expected to give a very good insight into their properties [8] . A simulation approach could aid the understanding of experiments as well as stimulate new experiments through its predictive power [9] [10] . Moreover, one way to compliment the understanding gained from experimental methods is through the use of computer simulations, such as molecular dynamics (MD) and Monte Carlo (MC) simulations.
The Young's modulus, E of a rod in tension and the flexural rigidity, El of a beam undergoing bending are one of the most fundamental mechanical properties of an engineering structure [11] . Through these properties, the stiffness of the material can be estimated. Molecular Dynamics simulation has proved to be effective technique for mechanical characterization of bulk systems on the atomic level [12] . In this work, MD simulation is applied to predict the stiffness (Young's modulus) and density of Ill-V (GaAs) NW in the <111>, <110> and <100> directions.
Although, GaAs nanowire is anisotropic, it is often desirable to define its Young's moduli as common in isotropic materials. A molecular model which describes the crystal orientation of the nanowire is established and a feasible loading and boundary condition is applied. The Young's modulus of the structure is extracted by analysing the force-displacement response produced in the dynamics of the structure. The density of the structure is also calculated.
MD Simulation using ESFF Forcefield
In brief, molecular dynamics simulation method is based on Newton's equation of motion, given by: f = mial (1) Where fi is the total force exerted on particle i, mi and ai are the mass and acceleration of particle i respectively.
Force, fi can also be expressed as the gradient of potential energy, f = -V V (2) These two equations are combined to obtain a comprehensive expression:
where V is the potential energy of the system.
(3)
Based on this expression, Newton's equation of motion can then relate the derivative of potential energy to changes in position as a function of time. Equation (3) is integrated by discretizing time with an interval, At and applying a finite-difference integrator that depends on statistical ensemble. In this paper, the microcanonical ensemble (NVE) ensemble, which conserves the number of atoms (N), the system volume and the total energy, is used. Moreover, the velocity-Verlet algorithm is implemented.
For MD simulation, two kinds of information are required. The first is the chemical composition and spatial configuration of the atoms. The second is the forcefield, which defines the mechanical interactions between atoms. The choice of a forcefield determines to a great extent the accuracy of MD simulation. Therefore, an appropriate forcefield should be selected, to predict within a reasonable accuracy the potentials of the atoms. Among the available forcefields in atomistic simulation, the extensible systematic force field (ESFF) is chosen because it is well parameterized for applications to groups III and V elements and their compounds. The ESFF, proposed by Shenghua et al [13] , is a rule-based forcefield covering a wide range of atoms. The ESFF is validated for structural characterization of some metallic type elements [14] .
In the ESFF, atoms are parameterized using ab initio calculations and fitting of crystal structures. 
where r is the distance between the atoms, ri is the equilibrium bond distance, Di is the "equilibrium" dissociation energy of the molecule (measured from the potential minimum), and ai controls the 'width' of the potential and is equal to the square root of half the force constant divided by Di, a= k 'i 2D (6) With sufficient description of the configuration and potential functions of the molecules, simulation results can quantitatively and qualitatively match experimental results and also interpret the mechanics of a molecular model under external loadings [17] [18] . Moreover, the MD simulation results can assist the material scientist to develop a robust material with higher mechanical strength and longer reliability cycles by adjusting the material composition as desired.
The Force-displacement (F-dx) response curves are obtained after the dynamics step of the MD simulation, (Figs. 4, 5 and 6 ). The Young's modulus is calculated from the elasticity theory: FL Adx (10) where, A and L are the geometrical properties of the structure, (area and length, respectively). Furthermore, density of the NW is calculated from the ratio of atomic mass to molecular volume. Modelling and simulation are carried out on the commercial software MS modeling 4.0 by Accelrys [19] . The NW model is developed from a sigle crystal of GaAs (which is zinc blende at room temperature, Fig. 2 ). The
Results
GaAs NW models, which represent three different crystal orientations, all of area 1.5nm2 and length 10nm, are established. The Ill-V nanowires tend to grow in the <111> direction [21] , making it the most important growth direction. However, we investigated the <110> and <100> directions to further compare the stiffness of the NW along different directions. The predicted Young's moduli for the NW along directions: <111>, <110> and <100> (using 1,000atoms) are 198.87GPa, 153.54GPa and 147.7 GPa respectively. The result shows that GaAs NW is indeed anisotropic and has highest stiffness in the <111> direction, and least in the <100> direction, due to the condensed packing of the atoms. This inference is further confirmed from the stress-strain plots, which show that a stress of 2GPa applied on the NW strains the material by 1%, 1.25% and 1.5% in the <111>, <110> and <100> directions respectively, confirming the ability of the NW to withstand more stress in the <111> direction. The value of the density obtained, 4.96g/cm3 is also comparable, though lesser to the bulk value (5.3g/cm3). Our results show a qualitative agreement, of less than 4500 deviation with calculated Young's moduli for GaAs by Brantley, W.A [20] , 141.2GPa for <111>, 121.3GPa for <110> and 85.3GPa for <100>, and we observed a similar trend in values. 
Conclusions
In this paper, the mechanical and structural properties of Ill-V nanowire are computed using MD simulation. The simulation predicts the Young's moduli for GaAs nanowire in the three directions, <111>, <110> and <100>. The difference in our results and other numerical values [20] could be due to the size of the material simulated, area 1.5nm2 and length 1Onm, and system error from the forcefield. In our future research, we will investigate the influence of point defects, and size variation on the mechanical properties of Ill-V nanowires. We also hope to carry out a sensitivity analysis of these effects on the final properties of our NW model. 
